High-pressure synthesis has been widely used for exploration of novel materials. In this study, Li-Y hydrides were explored under GPaorder pressure by using a cubic-anvil-type apparatus. Unfortunately, a novel hydride in Li-Y system was not synthesizedin this study, but it is found that 10 at% addition of Li can stabilize FCC-YH 3 high pressure phase even under ambient pressure. The Li added FCC-YH 3 have a CeH 3 -type structure judging from the results of XRD and raman spectrometry and its lattice constant was estimated to be 0.52666(1) nm. Total hydrogen content of the hydride was estimated to be 3.52 mass%. This hydride was partially dehydrogenated at 575 K with decreasing its lattice constant down to 0.5206(1) nm. Then, the sample could absorb hydrogen again under 5 MPa-H 2 at 623 K. Hydrogenation enthalpy of the hydride was estimated from endothermic peak to jÁHj ¼ 29:2 kJ/mol-H and this value is lower than that of YH 3 ambient pressure phase.
Introduction
It is important to explore new compounds and investigate their hydrogen properties for development of hydrogen storage materials. High-pressure synthesis in the range of GPa pressure is an effective method to obtain new compounds and used in a variety of research fields, including high-T c superconductors, metal hydrides and so on. There are some advantages to use high pressure method. For example, under the pressure of GPa order, several properties such as atomic volumes and melting points of elements change. Moreover, solubility of hydrogen in metals drastically increases over the hydrogen pressure of 1 GPa.
1) Accordingly, novel hydride could be obtained under high pressure. In the field of metal hydrides, Bortz et al. first reported that Mg 3 MnH 7 could be synthesized by high-pressure synthesis method.
2) From the report, novel hydrides have been explored by using high-pressure synthesis method. Author's group also has been obtained many novel Mg-based hydrides, such as Mg 3 REH 9 3,4) (RE = La, Ce, Pr), MgNi 2 H 3:2 5,6) and so on by this method.
In this study, Li-Y system was chosen to explore a hydride. As is well known, alkaline metals such as Li possess high compressibility of atomic radius. 7) Moreover, melting point of the lithium hydride is theoretically estimated to increase about 400 K under 5 GPa. 8) This allows solid-state reaction at higher temperature under the pressure of GPa order than that of ambient pressure. Rare earth elements (RE) also have high compressibility. Moreover, Yttrium hydride has high H/M(¼3). Therefore, a novel Li-Y hydride with high H/M is expected to be obtained by high pressure method.
The purpose of this study is to explore a hydride of the Li-Y system by using the anvil-type apparatus and to investigate the crystal structure, thermal stability, and hydrogen content of the sample treated under high pressure.
Experimental Procedures
Starting materials were LiH (purity 95 mass%), YH 3 which was prepared from Y metal (purity 99.9 mass%) in an autoclave filled with hydrogen gas. The powders of Li-Y-H studied compositions were weighed, mixed and pressed into a pellet. The pellet was put into a BN container. Then, BN container was inserted a pyrophilite cube together with graphite heater. Then, All the manipulations of sample preparation were conducted in a glove box filled with Ar gas in order to prevent the samples from oxidizing. The highpressure synthesis was carried out with a cubic-anvil-type apparatus at 973-1073 K under 5 GPa for 2 h. The detailed processing schedules were described elsewhere. 4) Phase identification was carried out by X-ray diffractometry (XRD) with Cu-Ka radiation and raman spectorometry. But it will be difficult to identify the Li-rich phase by XRD since lithium has low atomic scattering factor. Then Crystal structure of hydride was refined by Rietveld analysis. Thermal stability of the samples was measured by using differential scanning calorimeter (DSC) under Ar gas. The hydrogen content of the samples was investigated by fusion extraction analysis. Figure 1 shows XRD patterns of LiH-x mol%YH 3 (x ¼ 33{100) prepared at 973 K for 2 h under 5 GPa. For the samples of x ¼ 33{90, an FCC phase was observed as almost a single phase. The extra peaks observed from the sample of x ¼ 67 were identified as reflections of BN container which is the component of sample cells. Absence of secondary phases in XRD pattern for samples of x ¼ 33{67 might be attributed the low atomic scattering factor of lithium, therefore, Li-rich phases couldn't be identified in this study. Lattice parameters of FCC phases of these samples were calculated and listed in Fig. 1 . The lattice parameters were found to slightly increase with decreasing Y content. For the sample of x ¼ 95, an FCC phase and a hexagonal YH 3 phase were observed. As a result, composition of the FCC phase is thought to be about x ¼ 90. Figure 2 shows raman spectra of the sample of Li-90 mol%YH 3 , highpressure synthesized MgY 2 H 7: 8 9) which has a CeH 3 -type structure and also shows LiH, Li 2 O, LiOH, YH 2 , YH 3 and * Graduate Student, Tohoku University Y 2 O 3 as references. As shown in Fig. 2 , the Raman spectrum of FCC phase was similar to that of MgY 2 H 7:8 since the same spectrum patterns were observed at the other several points in the sample, the Li-90 mol%YH 3 seems to consist of single FCC phase and the FCC phase is speculated to have a CeH 3 -type structure.
Results and Discussion
Hydrogen content of FCC phase with composition of Li-90%YH 3 was estimated to be 3.52 mass% by fusion analysis. Figure 3 shows the result of Rietveld analysis of the FCC phase. Structural parameters and fitting factors were also shown in Fig. 3 . A structural model was used CeH 3 -type structure which Li and Y are assumed to occupy a metal site (4a). This CeH 3 -type structural model was refined the best compared with other structural model. But an atomic scattering factor of Li is very low and therefore it is generally difficult to determine their precise location and occupancy from powder X-ray diffraction data. Further detailed investigation such as neutron diffraction or synchrotron X-ray diffraction is necessary in future works.
It is well known that YH 3 has a hexagonal structure under ambient pressure. But YH 3 is reported to transform from a hexagonal structure into an FCC structure over the pressure of 8 GPa. 10) And in an other report, an FCC-YH 3 phase is stabilized by 10 at% addition of Mg even under ambient pressure.
11) Thus, the FCC hydride obtained in this study, in a sense, could be regarded as FCC-YH 3 stabilized by Li addition. It is noteworthy that there is no report to stabilize FCC-YH 3 by the addition of 10 at% Li at ambient pressure.
Thermal stability of the FCC phase was investigated. Figure 4 shows DSC curves of the samples of LiH-90 mol%YH 3 and YH 3 . Endothermic peak was observed at 575 K. Hydrogenation enthalpy of the Li-Y hydride at decomposition temperature was estimated from the endothermic peak. As a result, hydrogenation enthalpy of was calculated to be jÁHj ¼ 29:2 kJ/mol-H. This is lower value than that of hexagonal YH 3 of jÁHj ¼ 46:9 kJ/mol-H. Then rehydrogenation of the dehydrogenated hydride was investigated by treating them under 5 MPa-H 2 at 623 K for 2 days. Figure 5 shows XRD patterns of Li-90 mol%YH 3 before and after DSC measurement and after rehydrogenation treatment. The sample after DSC measurement exhibited FCC and its lattice constant was estimated to be 0.5206(1) nm which is similar value that of YH 2 . After rehydrogeanation, lattice constant of the sample was calculated to be 0.52523(4) nm which is almot the same value of the FCC Li-Y hydride. Figure 6 shows raman specra of LiH-90 mol%YH 3 before and after DSC and after rehydrogenation. After the rehydrogenation treatment, the same pattern of FCC Li-Y hydride was observed. The FCC hydride can absorb/desorb hydrogen reversively. It is well known that YH 2 is hydrogenated to YH 3 with structural change from an FCC structure to an HCP structure. The sample after DSC measurement showed similar XRD pattern to that of YH 2 , however, the sample after rehydrogenation maintained an FCC structure.
Conclusion
Hydrides in Li-Y system were explored by high pressure method. Unfortunately, no novel hydride was obtained, but it is found that an FCC-YH 3 high pressure phase can be stabilized by 10 at%Li addition at 973 K for 2 h under 5 GPa. The hydride has a CeH 3 -type structure determined from XRD and raman spectrometry and its lattice constant was estimated to be 0.52666(1) nm. The hydride was partially dehydrogenated at 575 K with decreasing its lattice constant down to 0.5206(1) nm. The dehydrogenated FCC hydride could absorb hydrogen under 5 MPa-H 2 at 623 K, and formed FCC structure again. It seems this novel hydride could be absorb/desorb reversibly. Hydrogenation enthalpy of the hydride was estimated from endothermic peak to jÁHj ¼ 29:2 kJ/mol-H which is lower value than that of YH 3 ambient pressure phase. Total hydrogen content of FCC hydride was estimated to be 3.52 mass%. 
